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Abstract 
Transient processes arising in direct on line (DOL) start of powerful induction motor drives have a negative effect on the motor 
technical condition and the drive mechanism, reducing their operating life. One of the reasons of this effect is the electromagnetic 
torque oscillations of the motor when starting. Various non-equipollent in the limitation extent of the torque oscillatory 
component methods are used to facilitate the start conditions. In this paper integral quantitative criteria resulting from the 
analysis of the calculation oscillograph traces, making possible to estimate the oscillation degree of the electromagnetic torque 
and make a comparative analysis of the different start methods are introduced. A method of calculation the permissible number 
of starts per year, based on the estimation criteria of the torque oscillation degree was developed. The method allows to estimate 
the number of starts as for the chosen method, so for the combination of different methods. 
© 2015 The Authors. Published by Elsevier Ltd. 
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Relevance of the topic 
It is known that squirrel cage induction motors are widely used and consume the half of the all the world's energy 
output. Accordingly, there is a significant reserve of energy conservation in the operation of electric motor drives. 
One of the most effective energy saving measures is the shift of the unregulated electric motor drives from the 
continuous operation mode into a intermittent periodic, where technology conditions need it. High voltage electric 
motor drives can obtain the greatest economic effect. Such implementation is prevented by DOL start severe 
conditions of high-power induction motors. For the high inertia induction motor drives DOL start should be 
considered as dangerous emergency mode. The number of powerful high-voltage motor DOL starts is specified by 
the manufacturer and it varies from 250 to 500 DOLs per year.  
For total or partial neutralization of the negative influence of transient processes different starting methods are 
used: reactor start, auto-transformer start, star-delta start, start using thyristor voltage regulator (TVR) or frequency 
converter. When implementing one of these methods, the number of DOL starts can be increased without 
compromising the technical condition and engine service life. 
The negative impact of starting processes, as far as it is known, is determined by two main factors: large starting 
current and electromagnetic torque fluctuations of wide amplitude arising in process of starting [1]. All these factors 
have a negative influence on the mechanical and electromagnetic systems of electric motor drives, as well as on 
their thermal state. 
Existing methods of calculation the frequency of starts focused on compliance with the permissible heating 
conditions and based on the assessment of thermal losses in the motor. The negative impact of the oscillatory 
component of torque is not taken into account. At the same time, the oscillation energy of electrical and mechanical 
quantities in motor does not perform any useful work, and is converted into heat or in deformation and destruction 
work of the electromagnetic and mechanical part of the electric motor drive. Simultaneously energy oscillations are 
definitely determined by the electromagnetic torque oscillations. 
Different starting methods are not-equipollent as in expenses so in the restriction degree of the electromagnetic 
torque oscillatory component. 
Formulation of the problem 
1. To analyze the influence of different ways of starting on the oscillation degree of the starting electromagnetic 
torque of powerful induction motor drive. 
2. To develop a methodology which will make possible to evaluate the impact of different starting methods on 
the permitted number of starts. 
Research 
As the object of study was chosen an electric motor drive of the centrifugal fan equipped with high-voltage 
squirrel cage induction motor. The main technical characteristics of the analyzed motor are given in the Table. 1. 
Table 1. Basic technical data of the studied motor. 
Characteristics  Value 
Power (kW) 800 
Supply voltage  (W) 6000 
Rotation frequency (rots per min.) 1480 
Nominal torque of the motor (N·m) 5140 
Efficiency factor (%) 95,1 
Rotor moment of inertia (Kg·m2) 26 
Interval between starts, not less (hour) 3 
Starts quantity per year, not more 500 
The fan has an impeller with a moment of inertia J = 250 kg • m2. For such an inertial operating device the 
number of the sizable surges of the striking electromagnetic torque of the motor can reach ten times when starting 
[2]. 
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In modern conditions, it is reasonable to conduct the analysis of starting modes by means of computer simulation. 
Fig. 1 a, described in relative units the calculated time-dependent oscillograph trace of the electromagnetic torque of 
the motor, achieved while investigating the prototype of the described electric motor drive, developed in the Matlab 
environment. Fig. 1 b, shows the emphasized torque oscillatory component obtained with the help of the 
Butterworth’s digital filter of the eighth order with a cutoff frequency of 10 Hz. 
Fig. 1. The time-dependence of electromagnetic torque in DOL start: 
(a) the calculating oscillograph trace; (b) emphasized oscillatory component. 
Using different methods of the softened start, the striking torque start-amplitude takes smaller values than if using 
DOL start. As an example, Fig. 2 shows the calculating oscillograph trace generated as a result of reactor start 
simulation (fig. 2 a) and the two start modes using TVR (fig. 2 b). 
Fig. 2. The calculation oscillograph trace of the electromagnetic torque: 
(a)  reactor start; (b) soft start; 
(1) high rate of voltage rise; (2) low rate of voltage rise. 
The comparison of oscillograph traces shows that the problem of oscillatory component limiting can be the most 
efficiently solved by using thyristor voltage regulator and a choice of the rational starting mode. However, the high-
voltage starting systems based on TVR are expensive, that is why relatively cheap ways remain popular: reactor 
start, auto-transformer start, star-delta start. These methods often provide satisfactory results in reducing dynamic 
loads which may arise in the electric drive when starting. 
Under actual operating conditions, when using one of the ways of the softened start there can be the problem of 
determining the permissible number of the reduced-current starts under the chosen start method. This requires the 
using of quantitative criteria, reflecting the oscillation degree of the starting torque. 
Oscillatory component can be estimated differently. For example, it can be based on the peak amplitude, or the 
multiplicity of initial oscillation amplitude. However, as it is shown in the work [3], these values are not sufficiently 
informative, since the change of the starting conditions has little influence on them. In addition, these characteristics 
do not take into account the number of the torque surges and cannot be applied to any of the known starting 
methods. 
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Development of the calculation method of the permissible starts quantity 
For estimation of the torque oscillatory component when using different methods and modes of the start it is 
suggested to use an integral argument - the root-mean-square value (RMS) of the electromagnetic torque oscillatory 
component during startup moment of induction motor [3]: 
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Where T (t) – time-dependence of the electromagnetic torque oscillatory component; ݐୱ୲ୟ୰୲ - motor start time. 
This argument is calculated from the electromagnetic torque oscillatory component, obtained from the calculation 
oscillograph traces (Fig. 1 b). Argument ୰ܶ୫ୱis universal and can be applied to any of the methods and modes of 
start [3]. Computer startup model research indicates that the argument ୰ܶ୫ୱ is very sensitive to changes in the DOL 
start conditions. 
Table 2. The values of integral criteria in different start conditions. 
Start conditions ୰ܶ୫ୱ,  (N·m) 
DOL start in idle mode: ܬஊ ൌ ʹ͸ kg·m2; ୱܶ୲ୟ୲୧ୡ ൌ Ͳ 2340 
Fan’s DOL start  on the closed damper: ܬஊ ൌ ʹ͹͸ kg·m2 4310 
Fan’s DOL start on the closed damper : ܬஊ ൌ ͵͹͸ kg·m2 4600 
DOL start  with  reactive  torque on the shaft: ܬஊ ൌ ʹ͹͸ kg·m2, ୱܶ୲ୟ୲୧ୡ ൌ ͲǡͶ ௡ܶ௢௠௜௡௔௟ 4710 
DOL start with  reactive  torque on the shaft : ܬஊ ൌ ͵͹͸ kg·m2, ୱܶ୲ୟ୲୧ୡ ൌ ͲǡͶ ௡ܶ௢௠௜௡௔௟ 4990 
DOL start with  reactive  torque on the shaft : ܬஊ ൌ ʹ͹͸ kg·m2, ୱܶ୲ୟ୲୧ୡ ൌ ௡ܶ௢௠௜௡௔௟ 5680 
DOL start with reactive  torque on the shaft: ܬஊ ൌ ͵͹͸ kg·m2, ୱܶ୲ୟ୲୧ୡ ൌ ௡ܶ௢௠௜௡௔௟ 5860 
 
Then, the non-dimensional integral argument should be introduced - RMS oscillatory component multiplicity 
with respect to RMS oscillatory component in DOL start: 
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where ୰ܶ୫ୱ is RMS of the oscillatory component in the studied start method; ୰ܶ୫ୱ଴ is RMS of the oscillatory 
component in DOL start. 
This argument determines the quantity of the oscillatory component in the chosen method and start mode with 
respect to the oscillatory component in DOL start. It is obvious that: ݇ బ் ൌ ͳcorresponds to the conditions of the 
DOL start; ݇ బ் ൐ ͳ corresponds to better conditions than in DOL start; ݇ బ் ൐ ͳ- the worst conditions than in DOL 
start. The latter is possible in the reverse, self-starting, reverse-current braking. 
Table 3. The arguments values ୰ܶ୫ୱand ݇ బ்for the starting processes shown in Fig. 1 and Fig. 2. 
Start method ୰ܶ୫ୱ, (N·m) ݇ బ் 
DOL start (fig. 1 a) 4310 1,0 
Reactor start (fig. 2 a) 1424 0,33 
Soft start (fig. 2 b, curve 1) 391 0,091 
Soft start (fig. 2 b, curve 2) 44,3 0,01 
Clearly, in these cases the reactor start allows to reduce RMS of the torque oscillatory component in 3 times in 
comparison with the DOL start and the soft start– in 10-100 times, depending on the chosen TVR operating mode. 
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On this basis, the use of the soft start devices based on TVR allows to drop the start quantity limits per year 
completely, that are determined by the torque oscillatory component, and keep only limitations related to the 
permissible heating terms.  
When implementing other ways of starting the oscillatory component is limited to the less extent, and it is 
unacceptable to ignore its negative impact. To calculate the permitted starts quantity in these cases, it is suggested to 
use the following method. 
Initial data for calculation are the calculated criteria ݇ బ் and installed by the manufacturer the allowable DOL 
starts quantity per year ௣ܰ௘௥௠௜௧௧௘ௗ. 
Consider the situation where the induction motor with the permissible number of DOL start ௣ܰ௘௥௠௜௧௧௘ௗ  is 
operated with opportunity to implement a DOL start and induction start. Let the torque oscillatory component be 
defined by the argument ݇ బ் ൌ ݇௥. In situations where DOL is needed, argument݇ బ் ൌ ݇஽ை௅, is by definition. 
Obviously, the number of DOL starts ஽ܰை௅ must come up to the inequality: 
;DOL permittedN Nd    (3)
where ஽ܰை௅ is the number of DOL starts made per year. 
Given that ݇஽ை௅ ൌ ͳthis inequality can be rewritten as: 
;DOL DOL permittedN k Nd    (4)
In implementing of reactor start, negative impact of transients is reduced, and the argument (2) takes smaller 
value in comparison with the DOL start. For the reactor start can be written by the inequality: 
.r r permittedN k Nd    (5)
Then, the permissible number of the reactor starts is: 
;permittedr
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Thus, in reactor engine start with the arguments given in the Table. 1 when ki = 0,333 the permissible number of 
the reactor starts per year will be ௜ܰ ൑ ͳͷͲͲ. So, 4 starts are permitted per day. 
A similar calculation for the TVR start when ்݇௏ோ= 0.091 gives the permissible number of starts per year ்ܰ௏ோ= 
5494 or 15 starts per day. The result allows to run the engine every 1.5 hours. However, this is less than the 
permitted interval between starts ǻt = 3 hours specified by the manufacturer. Thus, whatever the start method is, the 
number of starts should not exceed the value: 
24  ;N
t
 c
'
   (7)
where οݐ is an interval between the starts, an hour according to the motor certificate. 
In this case there are 8 starts per day. 
When operating the electric motor drive it is possible to carry out the start of the motor in different ways. 
Usually, it is a combination of the DOL and one of the methods of softened start. In this case, the permitted number 
of starts for the combination of DOL and reactor start is defined by the inequality: 
;r r DOL permittedN k N N d    (8)
432   M.V. Vecherkin et al. /  Procedia Engineering  129 ( 2015 )  427 – 432 
Generally, if different methods are used: 
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where n is a number of the used methods of softened start; Ni is a number of starts of this method; ݇௜  is 
multiplicity of RMS of the oscillatory component of this start method in respect to RMS of the oscillatory 
component in DOL start. 
Conclusions 
1. On the basis of the research, it was found that the root-mean-square value (RMS) of the electromagnetic torque 
oscillatory component during the start time of induction motor, obtained from the calculation oscillograph traces is 
the most sensitive to the changes in the DOL start conditions.  
2. On the basis of the introduction of the non-dimensional integral argument - multiplicity of RMS of the 
oscillatory component in respect to RMS of the oscillatory component in DOL start was obtained the opportunity to 
quantify the impact of the different start methods to the improvement of performance for increasing the number of 
starts per year. 
3. Method of calculating of the permissible number of starts per year was developed, using the calculating 
oscillograph traces obtained on the basis of  the powerful induction motor model during the researching of DOL 
start and when implementing the startup system into the operation. 
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